The occurrence of biological homochirality is attributed to symmetry breaking mechanisms which are still debatable However, these measurements are prone to optical system artifacts. While luminescence is preferred for detecting single particle chirality, the typical low optical activity of chromophores limits its applicability 8, 9 . Here, we report on handedness determination of single chiral lanthanide based nanocrystals, using circularly polarized luminescence, with a total photon count of 2×10 4 . We also utilize a machine learning approach 10 for correlative
microscopy to determine and spatially map handedness of individual nanocrystals with high accuracy. This technique may become invaluable in studies of symmetry breaking in chiral materials.
Circularly polarized luminescence (CPL) spectroscopy is based on the unequal emission of left-and right-circularly polarized light by a chiral species 11 . The magnitude of this difference depends on the properties, as well as on the degree of enantiopurity, of the examined material. The measured quantity is the emission circular intensity differential (ECID), − , where IL and IR are the intensities of the emitted left-and right-handed circular polarizations, respectively. ECID can be used to monitor the handedness of a light emitting sample, and has been measured for chiral organic molecules 12 , and semiconductor nanocrystals (NCs) coated with chiral molecules 13, 14 . The strongest ECID was measured in chiral lanthanide complexes 15, 16 . Recently, large ECID was measured in inorganic lanthanide phosphate NCs which crystallize in a chiral space-group 17 . These experiments led us to strongly suspect that at certain synthesis conditions only one NC enantiomer is formed. However, until recently there has been no experimental method which could quantify the enantiomer population ratios in a chiral NC sample within a reasonable amount of time and confidence. Here we describe a methodology which allows us to perform high-throughput single particle quantitative assessment of the enantiomer population ratios of lanthanide based chiral NCs.
Rod-shaped Eu 3+ doped (5%) TbPO4D2O 18 lanthanide NCs were synthesized by a 17 . The majority of the emission at and above 590 nm stems from the Eu 3+ dopant ions in the interior of the NC, as surface emission is quenched 20, 22 . Since the NCs are all single crystals of a particular handedness 17 , all of the emitting ions should be located in the same type of local chiral environment and thus produce the same ECID polarity. Taking into account the average diameter of the nanorods and the size of the diffraction-limited excitation spot we estimate the numbers of emitters illuminated by the excitation beam to be in the order of ~10 5 . The low absorption cross section of these rods together with a low quantum efficiency (~30%) leads to ~200 photons/s at our EM-CCD detector for the 596 nm peak. Considering the overall optical transmission and the collection solid angle, this translates to a total of ~8000 photons/s emitted by this particle at the particular emission line, which is several orders of magnitude lower than a typical single fluorescent molecule like Rhodamine 6G.
For single particle ECID measurements, the NCs were drop-cast on a Formvar film coated copper grid to enable both transmission electron microscopy (TEM) and luminescence microscopy for the same population of individual NCs. Single particle distribution was mapped on the grid by TEM. The grid was then placed on a low fluorescence fused-silica cover glass, and the same particles were measured by CPL microscopy, using the setup illustrated in Fig. 1 . Fig. 1 These nanorods exhibit a large variety of peak intensities. This phenomenon is depicted in Fig. 2a , showing several unpolarized emission spectra from a solution ensemble, an aggregate of many NCs as well as two single NCs. While the general line-shapes and peak wavelengths of these spectra are similar, they exhibit distinct variance in the relative peak intensities, which most likely stems from different defects and doping efficiency in each NC 23, 24 Since the ECID signal is usually a small fraction of the luminescence signal, it is I. Measuring ECID by subtracting two accumulated spectra of r-CPL and l-CPL. II.
Analyzing the spectral line-shape of only r-CPL or l-CPL to deduce the handedness.
Fig. 2 -a, Unpolarized luminescence spectra from solution ensemble (black), an aggregate of many NCs (Blue) as well as a typical 'L' (orange) and 'D' (purple) lanthanide NCs. b, right-(red) and left-(blue) handed circularly polarized luminescence (r-CPL and l-CPL, respectively) from a single 'D' lanthanide NC. Shaded areas mark the wavelength ranges that exhibit significant CPL signal. All left circularly polarized spectra were normalized by scaling with respect to the same particle right circularly polarized spectra to compensate for the polarization dependent light collection efficiency of the two orthogonal circular polarizations. Scaling factors were extracted from the points which displayed the lowest dissymmetry in ensemble measurements.
To measure the entire r-CPL or l-CPL spectrum in a single measurement cycle we used a super achromatic λ/4 waveplate combined with a linear polarizer, switching the polarizer between + and 45 with respect to fast axis of the waveplate, respectively. These spectra show that some of the ECID peaks are stable between different NCs, e.g.
the 596 nm and 650 nm peaks, while other peaks, like the 612 nm peak, are particle dependent and vary significantly between individual particles. These spectra, which clearly define the handedness of these individual particle, were obtained with a total photon count of 210 4 photons (collected during 100 s) originating from about 10 5 Eu 3+ ions located within the diffraction limited illuminated volume of an individual NC. Fig.   3c shows the average ECID over seven particles for each of the two enantiomers, which compares quite well to the ensemble average measurement in a colloidal solution shown
in Fig. 3d .
The measurement of ECID over a large distribution of individual particles more than doubles the total measurement time compared to only measuring r-or l-CPL, and increases the experiment's sensitivity to sample drifts, limiting the usefulness of this method. Looking back at the raw circularly polarized emission spectra in Fig. 2b , we note that the high dissymmetry of some of the emission peaks leads to slight yet discernible differences in the luminescence spectral line-shape between the two orthogonal circular polarizations. Once the SVM classifier was trained, we moved on to a racemic NC sample; an equal mixture of the 'D' and 'L' NCs, which displayed zero CPL in ensemble measurements.
We were able to predict the handedness of individual NCs in this sample. These prediction were randomly checked over 7 particles of each handedness, with 100% success (shown in Fig. 3a,b) . For the 162 NCs measured out of the racemic mixture we found that the D to L particle ratio is 90:72, so that the probability of finding a 'D' enantiomer is ( ) = 0.555 ± 0.064, which is within the statistical error margin from the expected 50% ratio. Fig. 5 shows TEM micrographs of the racemic NCs sample with individual NCs artificially colored according to the SVM classifier handedness analysis.
Unexpectedly, the spatial distribution of the two opposite NC enantiomers in the racemic sample seems to be heterogeneous: NCs of the same handedness are more likely to be found in proximity to their own kind. This effect, which has been observed for other salts 25 , may be related to symmetry breaking and chiral amplification recently observed in the synthesis of such NCs 17 , and will be further studied in the future using the technique presented here. Sample preparation: The nanorods were purified in the same manner the 'seed' nanocrystals were purified. Several µl of the cleaned NR solution was drop-cast on a Formvar/Carbon 300-mesh Cu TEM grids, which was held in place on a fused-silica glass.
For the racemic sample, TEM grids were made hydrophilic by O2 plasma in a Diener Pico plasma oven set to 60 W for 1 minute prior to the sample deposition. The racemic NC solution was prepared by titrating one NC solution with the other NC enantiomer until the ensemble CPL of the solution was below noise level for these systems (glum ~ 10^-5 ).
Experimental setup.
Single particle measurements: The output of a supercontinuum laser (SC400 4W, , where are all instances of the i'th feature. The training data set was divided into ten folds so that each will be used separately to train the classifier while the rest are used to as test data, thus reducing the likelihood of over fitting the model. The training and test data produced an error rate of ~0.8% based on our initial ansatz that the training samples were enantiopure. The single 'wrongly' classified NC spectrum was then rechecked visually, leading to the conclusion that the misclassified 'L' NC was in fact a 'D' handed particle. The exclusion of the 'wrong' particle brings the accuracy of the SVM classifier to 100%. Following the training, data of unknown NCs from the racemic mixture was fed into the SVM to predict their handedness.
Solution (bulk) measurements: measurements were performed in a home-built CPL system, using a photoelastic modulator and lock-in detection, built according to the general setup described in ref 15 . Samples were excited by a high-power near-UV Hamamatsu LED light source (7 W, 365 nm) on the sample. Light emitted from the samples was collected at 90° to the excitation, with both excitation and emission edgepass filters (FF01-424/SP-25, Semrock and FEL0450, Thorlabs) to minimize light leakage from the excitation source, passed through the monochromator and detected by a photomultiplier.
